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Summary
The cell number of the early Drosophila embryo is deter-
mined by exactly 13 rounds of synchronous nuclear
divisions, allowing cellularization and formation of the
embryonic epithelium [1]. The pause in G2 in cycle 14 is
controlled by multiple pathways, such as activation of DNA
repair checkpoint, progression through S phase, and inhib-
itory phosphorylation of Cdk1, involving the genes grapes,
mei41, and wee1 [2–8]. In addition, degradation of maternal
RNAs [9] and zygotic gene expression [10, 11] are involved.
The zinc finger Vielfa¨ltig (Vfl) controls expression of many
early zygotic genes [12, 13], including the mitotic inhibitor
fru¨hstart [14, 15]. The functional relationship of these path-
ways and the mechanism for triggering the cell-cycle pause
have remained unclear. Here, we show that a novel single-
nucleotide mutation in the 30 UTR of theRNPII215 gene leads
to a reduced number of nuclear divisions that is accompa-
nied by premature transcription of early zygotic genes and
cellularization. The reduced number of nuclear divisions in
mutant embryos depends on the transcription factor Vfl
and on zygotic gene expression, but not on grapes, the
mitotic inhibitor Fru¨hstart, and the nucleocytoplasmic ratio.
We propose that activation of zygotic gene expression is the
trigger that determines the timely and concerted cell-cycle
pause and cellularization.
Results and Discussion
Embryos from germline clones of the lethal mutation X161 (in
the following, designated as mutant embryos) showed
a reduced cell number but otherwise developed apparently
normally until at least gastrulation stage (Figures 1A and 1B;
24 of 61 embryos). Cell specification along the anterior-poste-
rior and dorsoventral axes proceeded as in wild-type, as
demonstrated by the seven stripes of eve expression, meso-
derm invagination, and cephalic furrow formation. The
reduced cell number can be due to a lower number of nuclear
divisions prior to cellularization or to loss of nuclei in the
blastoderm. To distinguish these possibilities, we performed
time-lapse recordings of mutant embryos in comparision to
wild-type (Figure 1C and Table 1). To measure the cell-cycle
length, we fluorescently labeled the nuclei in these embryos.
We observed three types of embryos: (1) with 13 nuclear divi-
sions with an extended interphase 13 (28 min versus 21 min in
wild-type), (2) with 12 nuclear divisions, and (3) with partly 12*Correspondence: jgrossh@gwdg.deand partly 13 nuclear divisions with an extended interphase
13. Because we did not observe a severe nuclear fallout
phenotype, we conclude that the reduced cell number in gas-
trulating embryos is due to the reduced number of nuclear divi-
sions. Consistent with these observations, the number of
centromeres and centrosomes was normal in mutant embryos
(see Figure S1 available online).
In wild-type embryos, interphase 14 is different from the pre-
ceeding interphases, in that the plasmamembrane invaginates
to enclose the individual nuclei into cells. In X161 embryoswith
patches in nuclear density, furrow markers showed more
advanced furrows in the part with a lower number of divisions,
indicating a premature onset of cellularization (Figure 1D).
Furthermore, in time-lapse recordings, we first measured the
speed of membrane invagination, finding no obvious differ-
ence between X161 and wild-type embryos (Figure S1). Addi-
tionally, we investigated cellularization by live imaging with
moesin-GFP labeling F-actin (Figure 1E). Clear accumulation
of F-actin at the furrow canals was observed in wild-type
embryos after about 20 min in interphase 14, but not in inter-
phase 13. In X161 embryos with 12 nuclear divisions, we
observed a comparable reorganization already in interphase
13 after about 25 min. This analysis shows that both the cell-
cycle pause and cellularization are initated in X161 embryos
earlier than in wild-type embryos.
To identify the mutated gene in X161, we mapped the
lethality and blastoderm phenotype (Figure S2). The X161
gene was separated from associated mutations on the chro-
mosome by meiotic recombination and mapped to a region
of four genes by complementation analysis with duplications
and deficiencies. Sequencing of the mapped region and
complementation tests with two independent RPII215 loss-
of-function alleles, RPII215[1] and RPII215[G0040] [16, 17],
and a transgene comprising the RPII215 locus revealed the
large subunit of the RNA polymerase II as the mutated gene.
We identified a single point mutation in the 30 UTR of RPII215
about 40 nt downstream of the stop codon. This region in
the 30 UTR is not conserved and does not show any obvious
motifs (Figure S2).
To test whether themutation in the noncoding region affects
transcript or protein expression, we quantifiedmRNA levels by
reverse transcription and quantitative PCR and protein levels
by whole-mount staining and immunoblotting with extracts
of manually staged embryos. We found that mRNA levels
were not different in wild-type and X161 (Figure 2A and Table
S1). In contrast, immunohistology and immunoblotting re-
vealed reduced RPII215 protein levels (Figures 2B and 2C).
In summary, our analysis shows that the X161 point mutation
within the 30 UTR affects mainly RPII215 protein levels.
The precocious onset of cellularization raised the hypoth-
esis that the timing of zygotic gene expressionmay be affected
in the X161 embryos. To establish the expression profiles of
selected maternal and zygotic genes, we employed nCounter
NanoString technology [18] with embryos staged by the
nuclear division cycle (Figure S3 and Table S2). Embryos
expressing histone 2Av-RFP were manually selected 3 min
after anaphase of the previous mitosis or at midcellularization.
We first analyzed expression of ribosomal proteins (Figure S3).
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Figure 1. Reduced Number of Nuclear Divisions
in X161 Embryos
(A–C) Fixed wild-type (A) and X161 (B and C)
embryos were stained for pair-rule protein Eve
(red) and the nuclear lamina protein Kuk (green)
(A and B) or for Slam (red), Dlg (green, white),
and DNA (blue) (C). Scale bars represent 20 mm
and 50 mm.
(D) Images from time-lapse recording of X161 or
X161/+ embryos expressing moesin-GFP to label
F-actin accumulation at the metaphase furrow
and emerging furrow canal. Scale bar represents
10 mm.
(E) Cell-cycle lengths. X161 embryos were classi-
fied according to the behavior in cycle 13 with
complete, partial, and absent mitosis 13. The
numbers on the right hand side of the bars indi-
cate the proportion of the embryos with this
phenotype.
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134They did not change much and were not different in wild-type
and mutant embryos, confirming the robustness of the
method. Zygotic genes, whose expression strongly increases
during the syncytial cycles, showed an earlier upregulation in
X161 than in wild-type embryos (Figure 3A). Comparing the
profiles by plotting the ratio of the expression levels (Fig-
ure 3B), we revealed a clear difference in cycle 12, with a factor
of up to ten, indicating that zygotic genes are precociously ex-
pressed in X161 embryos. The premature expression of early
zygotic genes was confirmed by whole-mount in situ hybrid-
ization for slam and frs mRNA (Figure S4).
Next, we analyzed expression profiles of RNAs subject to
RNA degradation. We selected transcripts representative for
the two classes of degradation, depending on zygotic gene
expression (Figure 3C), and on egg activation (Figure S3)
[19–23]. Degradation of string, twine, and smaug transcripts
in interphase 14 depends of zygotic gene expression. In
X161 mutants, the mRNA of these three genes was degraded
already in cycle 13, slightly sooner than inwild-type (Figure 3C).
The profiles of string and twine RNA were confirmed by RNA
in situ hybridization (Figure S4). Consistent with theTable 1. Reduced Number of Nuclear Divisions in X161 Mutants
Genotype Pause after n
Cell Cycle (Length in Minutes)
10 11 12
Wild-type 13 18 9.9 6 1.1 12.2 6 1 14.8 6
X161 13 8 10.6 6 0.9 11.8 6 1 15.1 6
X161 12/13 3 9 9.7 6 0.5 17 6 2
X161 12 3 10 11 6 1 12 6 4
vfl 13 6 8 6 1.4 11.6 6 2.6 13.6 6
vfl 14 2 7 9 17
X161 vfl 13 6 10.3 6 1.3 10.5 6 5.4 15.8 6
X161 vfl 14 4 9 13 6 2.8 10 6 1
avfl and X161 vfl embryos do not cellularize and have no zygotically controlled mitosis corresponding to
represents SD.precocious RNA degradation in X161,
Twine and String protein levels
decreased already in interphase 13 of
X161 embryos (Figure 3D).
Finally, we analyzed the profile of
mRNAs whose degradation depends
on egg activation (Figure S4). We did
not detect a consistent pattern anda clear difference between the profiles of wild-type and X161
mutants. Our data show that zygotic gene expression stars
earlier in X161 than in wild-type and that degradation of
mRNAs follows zygotic gene expression.
The cell cycle may be paused prematurely by altered levels
of maternal factors, such as CyclinB, grapes, and twine, or by
precociously expressed zygotic genes, such as frs and trbl [14,
15, 24]. To distinguish these two options, we analyzed mutant
embryos with suppresed zygotic gene expression (Figures 4A
and 4B). Embryos injectedwith the RNA polymerase II inhibitor
a-amanitin develop until mitosis 13 but then fail to cellularize
and may undergo an additional nuclear division, depending
on injection conditions [10, 25]. Using this assay, we tested
whether zygotic genes are required for the reduced number
of nuclear divisions in X161 mutants. If the precocious cell-
cycle pause were due, for example, to reduced levels of
CyclinB mRNA, a-amanitin injection should not change the
reduced number of divisions. We observed that all injected
mutant embryos passed through at least 13 nuclear divisions,
similar to injected wild-type embryos, whereas injection of
water resulted in a mixed phenotype of 12 and 13 nuclear13 14
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Figure 2. Expression of RPII215
(A) RPII215 mRNA expression by RT-PCR. Error
bars show quantification from three independent
RNA samples. Expression levels were normalized
to levels of 18S rRNA and related to expression in
wild-type embryos in stage 1–2. Error bars repre-
sent SD.
(B) Fixed wild-type and X161 embryos stained for
RPII215.
(C) Immunoblots of extracts from staged embryos
as indicated with short and long exposures for
RPII215 and b-tubulin. Expression (indicated by
the numbers at the bottom) estimated by normal-
ization to the tubulin bands (in a weak exposure
film, not shown). Asterisk with arrow marks the
activated form of RPII215.
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135divisions, comparable to uninjected X161 embryos (Figure 4B
and Table 2). This experiment demonstrates that the reduced
division number in X161 embryos requires zygotic gene
expression.
The expression of many early zygotic genes is controlled by
the zinc-finger protein Vfl (also called Zelda) [13]. We tested
whether the precocious cell-cycle pause in X161 mutants is
mediated by vfl-dependent genes. Analysis of X161 vfl
double-mutant embryos revealed that, in contrast to X161
mutants, the cell cycle undergoes at least 13 divisions
(Table 2). We further analyzed activation of zygotic gene
expressionbystaining for Vfl andactivatedRPII215 (FigureS1).
We detected staining of both in presyncytial stages of X161
mutants already in cycle 5. No specific staining for the acti-
vated RPII215 was detected in X161 vfl double-mutant
embryos, and no difference in Vfl staining in syncytial embryos
was detected in wild-type and X161 embryos (Figure S1).
These findings show that the genes relevant for the precocious
cell-cycle pause in X161 mutants are vfl target genes.
A zygotic gene involved in cell-cycle control is frs, which is
sufficient to induce a pause of the cell cycle [15, 24]. Analysis
of X161 frs double-mutant embryos showed, however, that the
number of nuclear divisions was not changed as compared to
X161 single mutants (Table 2). This indicates that frs is not the
only cell-cycle inhibitor expressed in the early embryo.
Proteins mediating the DNA repair checkpoint, such as
Grapes/Chk1, are required for the cell-cycle pause [2–8].
Passing normally through the nuclear division cycles, the cell
cycle shows striking abnormalities in nuclear envelope forma-
tion and chromosome condensation in interphase 14 in
embryos from grapes females. We tested whether the timing
of the transition in cell-cycle behavior in grapes embryosdepends on the onset of zygotic tran-
scription by analyzing X161 grapes
double-mutant embryos (Figure 4D and
Table 2). We found that some of the
X161 grapes double mutants showed
the defects in nuclear envelope forma-
tion and chromatin condensation
already in interphase 13, indicating that
the requirement of grapes for chromatin
structure shifted from interphase 14 to
13. These data suggest that the activa-
tion of grapes and the DNA checkpoint
depends on the onset of zygotic gene
expression.A factor controlling the number of nuclear divisions is the
ploidy of the embryo, given that haploid embryos undergo 14
instead of 13 nuclear divisions prior to cellularization [1, 26].
Based on this and on related observations, it has been
proposed that the nucleocytoplasmic (N/C) ratio controls the
trigger for MBT. To address the functional relationship of
X161 and the N/C ratio, we analyzed haploid X161 embryos
(Figure 4E and Table 2). We observed a mixture in the number
of nuclear divisions between 12 and 14 in fixed embryos. We
even observed embryos containing three patches with nuclear
densities corresponding to 12, 13, and 14 nuclear divisions
(Figures 4F and 4G). About half of the embryos underwent 12
nuclear divisions, similar to X161 embryos. These data
suggest that ploidy acts independently of general onset of zy-
gotic transcription, which is consistent with the observation
that only a subset of zygotic genes are expressed with a delay
in haploid embryos [27]. Consistent with this report, cellulari-
zation starts for a first time temporarily in interphase 14 in
haploid embryos and for a second time in interphase 15. These
observations suggest that the N/C ratio in Drosophila specifi-
cally affects cell-cycle regulators such as frs, for example,
but not general zygotic genome activation and onset of
cellularization.
In summary, our data support the model that activation of
the zygotic genome controls the timing of theMBT. First, onset
of MBT is sensitive to changes in RNA polymerase II activity.
Second, the changes in zygotic gene expression in X161
embryos occur earlier than the changes in zygotic RNA degra-
dation, Cdc25 protein destabilization, or activation of grapes.
Third, the X161 mutant phenotype depends on zygotic tran-
scription and on the transcription factor Vfl, showing that the
precocious cell-cycle pause and onset of cellularization
AB
C
11 12 13 14 cel.pre
-1
0
-2
1
lo
g 
 (R
N
A
)
2
cell cycle
smaug
string
twine
wt
X161
hb-a
dpp
Kr
eve
halo
kni
frs
slam
100
60
20
140
wild type
X161
11 12 13 14 cel.pre
R
N
A 
(a
. u
.)
1
5
7
9
3
0
2
4
6
8
10
11 12 13 14 cel.pre
cell cycle
m
R
N
A 
ra
tio
 X
16
1/
W
T hb-adpp
sisA
eve
halo
kni
frs
slam
D String Twine
cy
cl
e 
13
cy
cl
e 
12
cy
cl
e 
14
cy
cl
e 
14
cy
cl
e 
13
cy
cl
e 
13
w
ild
 ty
pe
X
16
1
Figure 3. Expression Profiles of Zygotic and
Maternal Genes
(A–C) Transcript levels in staged embryonic
extracts measured by NanoString technology.
‘‘pre,’’ presyncytial cycles 1–8; 11, 12, 13, 14,
number of interphase; ‘‘cel,’’ embryos in cellulari-
zation when the furrow is at the basal side of the
nuclei in interphase 14 in wild-type embryos and
in interphase 13 in X161 embryos.
(A) Profiles of zygotic genes, normalized to
expression level at ‘‘cel’’ in wild-type embryos.
(B) Ratio of expression levels of the indicated
genes in X161 and wild-type embryos. Note that
the readings at early stage were very low and at
the background levels. Please see Supplemental
Information for the numbers.
(C) string, twine, and smaug mRNA levels in wild-
type embryos (solid lines) and X161 embryos
(dashed lines); y axis in log2. Expression levels
are relative to the expression level in wild-type
presyncytial embryos.
(D) Wild-type and X161 embryos stained for String
and Twine proteins. The inset shows Slam and
DNA staining to indicate the progression of cellu-
larization.
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136cannot be due to changes in maternal factors, such as higher
expression ofCyclinB. Although the altered levels of RNApoly-
merase II in X161 mutants probably affect expression of many
genes during oogenesis, these changes seem not to matter in
functional terms, given the overall normal morphology and
specific mutant phenotype. It is conceivable that transcrip-
tional repressors are expressed or translated in eggs in lower
levels. In the embryo, such lower levels of repressors would
allow the trigger for onset of zygotic gene expression to reach
the threshold earlier than in wild-type embryos. The first signs
of zygotic transcription are detected already during the pre-
syncytial stages, before nuclear cycle 8/9. This may be the
time when the trigger for MBT is activated.Experimental Procedures
Genetic markers, strains, and genome annotation were according to
Flybase (http://flybase.org). X161 was selected from a set of mutations in
germline clones with defects in oogenesis and early embryogenesis [28].
Microinjection, RT-PCR, protein analysis, histological procedures, and live
imaging were essentially as previously described [29–31]. Gene expressionlevels in embryos manually staged by the nuclear division was determined
by NanoString technology [18].
Supplemental Information
Supplemental Information includes four figures, two tables, and Supple-
mental Experimental Procedures and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2012.12.013.
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Figure 4. Reduced Number of Divisions Depends on Zygotic Gene Expression Controlled by vfl
(A) Experimental scheme of the a-amanitin injection experiment. Wild-type embryos injected with a-amanitin undergo 13 or 14 nuclear divisions, depending
on conditions.
(B) Number of nuclear divisions is scored in injected wild-type and X161 mutant embryos expressing His2AvGFP. Temperature was 18C–20C.
(C) Images from time-lapse recordings of embryos from grapes and X161; grapes females injected with labeled histone1 during indicated cell cycle. grapes
embryos show abnormal chromatin condensation in interphase 14.
(D) Fixed haploid X161 embryo stained for DNA. Regions with respective nuclear densities are marked.
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